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1. PURPOSE

This report presents the work done during the third quarter
of the Single Crystal Gallium Phosphide Solar Cell program. The
objective of this program is the development of an efficient solar cell
operable at temperatures up to 500° C. The approach is to grow
single crystal gallium phosphide by epitaxial deposition from the
vapor phase on gallium arsenide substrate followed by removal of
the gallium arsenide. Diffused junction cells are then fabricated and
the photovoltaic properties of the cells are measured, ultimately up
to 500° C. The design and performance of the cells are to be related

to the electrical and optical properties of the gallium phosphide.



11, ABSTRACT

Single crystal gallium phosphide has been prepared by epitaxial
deposition on single crystal gallium arsenide using hydrogen chloride
in an open tube vapor transport process with phosphorus and gallium
sources. Growth rate and electrical properties of the gallium phosphide
are insensitive to phosphorus pressure during growth over a wide range
but this may not be as true for the characteristics of solar cells
fabricated from the material. An optimum vapor P/Ga mole ratio in
the range of 0.6 to 1.4 is indicated by open circuit voltage measurements.

A very strong segregation of donor and/or acceptor impurities
exists between growing surfaces of different orientations, the order for
n-type carrier density being (111 )B >(100) >( 111 ) A. Differences
in growth rate and thickness uniformity have also been found.

The vapor transport and epitaxial deposition of gallium phosphide
by water vapor have been investigated briefly.

By correlating the GaP growth rate variables with solar cell
electric and optical properties it has been possible to obtain solar cells
having only the desired primary spectral response peak of 0.45 u.
These cells have produced the best electrical properties found thus far
at room temperature in sunlight, namely, an open circuit voltage of
1. 35 volts and a short circuit current density of 1.4 ma/cm?.

The open circuit voltage-temperature relationships of the
fabricated GaP solar cells have been examined. A temperature
coefficient of open circuit voltage of about 3 millivolt/degree has been
obtained which agrees surprisingly well with calculations made from a
simple solar cell model assuming that only the energy gap of GaP is
temperature dependent. While the slopes are in reasonably good agree-
ment, the absolute value of the open circuit voltage obtained experi-

mentally is much lower than that obtained using the simple model. With




improvement in the GaP material the difference between the theoretical

and experimental values of Voc has been narrowed to about 0. 3 volts.

II1. MATERIAL PREPARATION

The open tube, HCI transport process for growing GaP layers
epitaxially on GaAs substrates and the technique for measuring their
electrical properties have been described in Quarterly Report No. 1.
Progress toward achieving a growth rate in excess of 0. 50 u /min. in
order to obtain thick layers, factors affecting growth rate and surface
perfection, and some results of doping experiments were described in
Quarterly Report No. 2,

During this period major effort has been devoted to systematically
investigating the effect on solar cell properties of phosphorus pressure
during growth of the gallium phosphide crystals. While a growth rate
of 0. 60 u /min. was demonstrated during growth of a 200 u thick layer,
emphasis has been shifted toward increasing deposition times as a
means of obtaining thick layers. In addition, growth in <111 > A and
<111 > B directions has been studied and transport of GaP by H,O was
investigated briefly.

A, Epitaxial Deposition

Run conditions and resulting growth rates for all HCl transport
runs in the open tube system are summarized in Table I. Similar data
for earlier runs are given in Table I, Quarterly Reports No. 1 and 2.
The source, in all cases elemental Gallium (Alcoa, six 9's purity),
was held at the temperature indicated. Phosphorus (American
Agricultural Chemical Co., semiconductor grade red phosphorus) was
evaporated into the gas stream at a lower temperature. Substrate
temperatures and temperature gradients are based on thermocouples
outside the tube in the deposition zone and a previous furnace calibration

using a thermocouple inside the tube.



Flow rates of HCl and H, are based on flowmeter calibrations.
Actual use rates of Ga average 84% of the indicated HC1 flow rates.
The phosphorus flow rate, derived from the weight losses of the
phosphorus and gallium sources, is expressed as the P/Ga atom ratio
in the gas stream beyond the Ga source but prior to any GaP deposition.
In runs SC 31 through SC35, as discussed in Quarterly Report No. 1,
the phosphorus flow rate decreased with time. The numbers given
under P/Ga mole ratio are the values calculated for the start of the
deposition, at completion, and the average dur‘ing deposition. For
runs SC36 through SC42, a new furnace system with a longer zone
of uniform temperature allowed maintainance of a more nearly constant
phosphorus evaporation rate; therefore, a single value for the P/Ga
mole ratio is given. At the lower phosphorus pressures, the substrates
were found to undergo extensive decomposition during the 1000° C
pretreatment step, so for runs SC39 through SC41 the pretreatment
was carried out under about 2cc/min of P, flow, the flow being con-
tinued for about 10 minutes of the deposition period. This would
correspond to an initial P/Ga mole ratio of 4, not included in the value
listed in the table.

The remaining columns list the time of deposition; layer thickness,
an estimation based on cleaved sections of adjacent Hall bars and weight

gain; growth rate in p /min and in p/cc HCl; and growth direction.

B. Discussion

The data for runs SC36 through SC42 indicate that growth rate
( <100 > direction) is insensitive to the P/Ga mole ratio(or phosphorus
pressure) over the range of ratios between 0.79 and 3. 12. Since in
earlier runs P/Ga ratios varied within this same range it is not sur-
prising that comparable growth rates have been obtained. At lower

phosphorus pressures, as noted before in Quarterly Report No. 2, the




the growth rate does fall off. These runs were all of long duration,
with two or more wafers included, so the growth rates do lie in the
low end of the range previously found. The beneficial effect of
supporting the wafers on a thick plate to bring them opposite the
coolest region of the tube wall, as suggested by run SC30 in
Quarterly Report No, 2, has not been realized.

The growth rate can be increased by increasing the tempera-
ture gradient (SC32 and SC33) and increasing the total flow rate
(SC32). This attack for achieving thick layers has not been pursued,
however, because of an indication of poorer solar cell properties,
as will be discussed later, and the likelihood of increasing
contamination at the higher source temperature required.

In run SC31 the effect of the reduced H,/HCI1 ratio has been to
sharply reduce the growth rate of GaP downstream, although that on
the first wafer appears normal.

In run SC34 an attempt was made to lower the substrate
temperature below that of the adjacent tube wall by using a heavy
gra;phite support extending into the cooler zone downstream. The net
effect, however, since it also extended into the hotter zone upstream,
was to flatten out the temperature profile and slightly increase the
substrate temperature. The growth rate was correspondingly reduced.

The effect of orientation on growth rate is indicated in Table I
and given in more detail in Table II. Here the thickness of layers grown
on pairs of adjacent Hall bars in the several runs is compared directly.
The order of increasing growth rates is seen to be (111 ) B< (100 ) <(111)A
although there is a wide variation in relative rates from run to run
(greater than a factor of two) and between positions in the same run.

The uniformity of growth across full size wafers appears to be
in the reverse order of the growth rate. This is particularly.noticeable

for the <111 > A wafers. In a typical case (Figure 1) inside a thick



smooth outer rim, a region containing a high concentration of regular
faceted holes is followed by a series of irregular steps as the thickness
decreases toward the center. This non-uniform growth on the <111 > A
surface may be related to rapid attainment of equilibrium with the gas
stream causing depletion of that portion of the gas reaching the center
of the wafer. If so, higher flow rates or a different flow pattern might
improve the growth uniformity.

The surfaces of the <100 > wafers have been covered by the
broad bumps previously described together with many smaller steeper
bumps apparently nucleated during the deposition. The < 111 > B
surfaces are covered by even broader, lower triangular pyramids and
scattered polycrystalline nodules (Figure 2).

Several of the wafers of all orientations have broken spontaneously,
apparently because of strain set up by the thermal expansion difference
between GaP and GaAs. One <111 > A wafer broke while the GaAs
substrate was being etched off in nitric acid. It is evident that an

annealing cycle must be introduced to obtain strain free GaP wafers.

C. Electrical Properties

Electrical properties of the epitaxial GaP layers prepared and
submitted for solar cell fabrication are listed in Table 1II. All of these
runs are undoped with the exception of SC33. The electrical properties
of <100 > layers, as determined by measurement of resistivity and Hall
constant, are evidently independent of the phosphorus pressure within
the range investigated, and average mobilities are equivalent to or higher
than the best previously attained. In run SC33 an attempt was made to
dope with Sn, the equivalent of 1.7 x 10'? atom/cc GaP being added to
the Ga source. While little Sn, if any, was transported, the mobilities
of the first two Hall bars are the highest yet measured, 230 and 130

respectively, indicating some gettering action. As discussed below,




there is not a direct correlation between mobility and solar cell
characteristics, unfortunately, and high Voc for a cell fabricated
from SC33-3 was not realized. However, several cells having the
best high temperature performance seen to date have been fabricated
from this series, the best from SC40-3.

A segregation of impurities as indicated by a decrease in
carrier level and in mobility with position ( <100 > orientation) was
again noted. Data are summarized in Table Iv.

A surprisingly pronounced difference in the electrical
properties of GaP grown simultaneously on different orientations is
shown by the data of Table III. The order of the segregation is the

(1)

same as that which has been reported for GaAs but the effect is

an order of magnitude or more greater. The data are given in more
detail in Table V where electrical properties of pairs of adjacent Hall
bars are compared directly. The data also show the segregation of
impurities in the <111 > B growth. In two cases (SC37-5, -7 and
SC42-5, -7) there is a pronounced decrease in carrier level with
position accompanied by a doubling of the mobility. In one case
(SC41-5, -7) an increase in carrier level is accompanied by a modest
mobility increase. In most cases the <111 > A deposits were of very

high resistivity and, where measurements could be made, of very low

mobility; data are insufficient to establish any trends.

D, H,O Transport of GaP

Using the technique described by Frosch(z), GaP has been
transported in wet hydrogen and deposited epitaxially on GaAs sub-
strates.  The source, GaP from Merck, was maintained at about
1085° C, <111 > B and <100 > oriented substrate wafers with
adjacent Hall bars at 1066° and 1051° respectively, the temperature

gradients being 5. 5and 6.2 ° C/cm. With a total hydrogen flow
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rate of 380 cc/min and an initial water vapor pressure of 1.9 x 103
atm., the rate of source consumption, 2. 8 mg/min., is in excellent
agreement with the thecretical transport rate calculated from the
equilibrium constant for the reaction given by Thurmond and
Frosch(3).

The weight gain of the <111 > B substrates is equivalent to a
growth rate of 2. 04 x 10 7 gm of GaP per cc of carrier gas and so of
the same order as the rates reported by Frosch(z). Heavy deposition
on the cool wall depleted the gas stream sufficiently to cause extensive
etching of the edges of the <100 > wafer (Figure 4). The appearance
of the <111 > B deposits (Figure 3) with prominent development of
<110 > facets and large area of flat growth is equivalent to that reported
by Frosch. The appearance of the <100 > surfaces (Figure 4), however,
is much superior, being free of the faceted pits.

Rather than inserting the wafers into the hot furnace according
to the procedure of Frosch, the source and substrate were brought to
temperature in a stream of hydrogen (380 cc/min) with phosphorus
(2.3 cc P, /min) to prevent decomposition, the phosphorus flow being
continued for 20 minutes after introduction of the water vapor. In this
way a very smooth interface was formed (Figure 5).

The electrical properties of this material have not been obtained.
The Hall bars, in the process of heat treatment for alloying In dots
were converted to high resistivity. Probing the surface of the wafers
with an ohm meter reveals the <111 > B surface to be conducting, the

<110 > facets are nonconducting, while the < 100 > surface is conducting

at the center with conductivity decreasing to zero at the etched sides.

E. Conclusions

Other conditions remaining constant, growth rate and electrical

properties of deposited GaP layers are independent of phosphorus




pressures over a wide range.

Open circuit voltage of solar cells fabricated from the GaP is
sensitive to some factor or factors, probably related to purity, not
indicated by the mobility, and suggest an optimum P/Ga mole ratio
in the range of 0.6 to 1.4 and a slow growth rate.

A very strong segregation of donor and/or acceptor impurities
exists between surfaces growing in the <100 > direction and the <111> B
or <111 > A directions. The best direction is still the <100 > although
with significant improvement in purity the <111 > B might be preferred.

A significant improvément in structure and in economy of source
material might be achieved by using an H, O transport system rather
than HCI1 transport but this is offset by the difficulty of working at the

higher temperature required and the problem of rnainfainirig purity

at this high temperature.

I\ SOLAR CELL FABRICA TION

The procedures for fabricating GaP solar cells as given in the
first and second quarterly reports have been followed in this period.

A list of cells fabricated in this period and the conditions under
which they were diffused are given in Table VI.

Experiments using gallium-zinc alloys as a source to optimize
on the zinc surface concentration have produced no advantages over
the zinc-phosphorus alloys at this stage and the latter has been continued
as the zinc source for making p-n junctions. Zinc surface concentrations
of the order of 10'8/cm? have produced the best cells found thus far.

Base material having a carrier concentration in the low 1o'é

range with a mobility of about 100 has thus far produced the best cells.

V. SOLAR CELL MEASUREMENTS

In Quarterly Report No. 2 it was shown that the GaP solar cells

fabricated during the course of this program fall into two categories,
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those having the principal spectral response at about 0. 45 microns
and those having the principal response at about 0. 7 microns. For
convenience, these two types of cells can be referred to as 0.5 1
response cells and 0. 7 u response cells. The 0.5 u response cells
generally have exhibited a much smaller photocurrent density

(JsC of about 0. 1 ma/cm?) as compared with the 0. 7 4 response

cells (up to 5 ma/cm?) using a tungsten lamp source. From the
spectral response data for the two types of cells (summarized in
Quarterly Report No. 2) it was to be expected that the photocurrent
from the 0. 5 p response cells would be relatively weak with a tungsten
light source which has a peak intensity (through water) at a wavelength
of about 0. 8 micron. Accordingly, measurements have now been made
in sunlight which has a peak intensity at a wavelength of about 0. 45 micron.
Total intensity of the sunlight was measured with a standard silicon
solar cell and generally was between 80 and 100 mw/cm?. Results
are summarized in Table VII for a number of 0. 5 u response cells
and for one 0.7 p response cell, NA 21 SC21-3. As expected the
photocurrent in sunlight is much greater for the 0.5 pu response cells
as compared with tungsten illumination. The response of the 0.7 p
response cell is relatively independent of the source. The measured
open circuit voltage of both types of cells does not change appreciably
with the type of source used.

VI OPTIMIZATION OF GaP GROWTH CONDITIONS WITH SOLAR
CELL ELECTRICAL CHARACTERISTICS

Using the sun as a source and with a series of Schott color filter
glasses to delineate the wavelength response of the GaP solar cells, it
was found that, with the exception of a few solar cells having their main
response at 0. 7 &, most of the cells contribute mainly to the short
circuit current from response to wavelengths less than 0.5 u. This

is what one expects from theory. However, of additional interest is
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the observation that the response peaks of 0.53 u, 0.58 w and

0.7 u (broad), in these cases account for less than 5% of the
current and in some cases less than 1%. However, while they
may not contribute in these cases to the current directly they can
in a detrimental way influence (reduce) the current and/or voltage.

Since these response peaks have in some cases been influenced
by altering the zinc concentration it is felt that the spectral response
peaks of 0.55 u, 0.58 u and 0.7 u (broad) found in the solar cells
are likely associated with impurities or imperfections in the lattice.
For ideal solar cell action the response only to the main band edge
is desired and hence the removal of the response in the longer
wavelength region by varying the crystal growing conditions and
also their specific influence on the solar cell are the subject of
this section.

The effect of some of the growth conditions used in making"
epitaxial GaP (i.e., the gallium and phosphorus source temperature
and the hydrogen flow rate) on the solar cell spectral response (peaks)
and the short circuit current density (Jsc) are shown in Table VIII.
For these series of experiments the regular diffusion cycle and our
standard fabrication technique have been used in making the solar
cells x|

One notes from Table VIII that for our particular growing
technique a (Ga) source temperature of about 900° as compared
with the higher source temperature of 935° or 975° appears to give
the best combination of major response peak (0.45 u) and highest
short circuit current in sunlight., A hydrogen flow rate between
95 cc/min and 500 cc/min appears, on the basis of Table VIII, to

provide the most desirable solar cell properties. It is beneficial

*%* See second quarterly report.
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to see whether one cannot narrow the optimum hydrogen flow rate
by considering additional electrical parameters such as the effect
of Jsc with temperature and the solar cell conversion efficiency*
(in sunlight) at room temperature. In Table IX are listed those
samples grown at a (Ga ) source temperature of approximately
890° and having only the characteristic 0. 45 u peak response. The
above electrical properties are compared for the various hydrogen
flow rates from 95 cc/min to 500 cc/min. Since ideally we would
expect the short circuit current to change only little with temperature
in the range to 300° C, our criterion should be based on looking for
samples with small slopes of Jsc vs. 1/T. In Table IX we have

indicated the slopes from the J vs. 1/T curve assuming that .

-AE/KT s¢

J oe .
sc

currents greater than 0.5 ma/cm

It will be seen that the samples having short circuit
Z also exhibit the shallowest slopes
and only a single slope (~(. 05€ev), whereas those generally with
short circuit current densities less than 0. 5 ma/cm? have either

two slopes or a higher slope of .08 ev. It is noted that the samples
with the highest or the multiple slopes have been grown with the
highest hydrogen flow rate (500 cc/min). There is one exception

and that is sample NA30 SC31-3 which in spite of the apparent higher
Jsc has exhibited no simple dependence of Jsc with temperature. The
curve was found to be irregular, staying constant then rising, then
remaining constant. A check of the conversion efficiency showed in
spite of the high Jsc and Voc (see following discussion and Table XI)
a value of only 0.45% which is about half of that expected. The

sample unexpectedly revealed an apparent high internal series

resistance of unknown origin. Since another sample grown under

* Measurement made from open window between 11:00 a. m. and 3:00 p. m.
with sample pointed toward sun. A 10% standard silicon solar cell was
also measured at the same time to determine the solar intensity - if the
incident intensity was lower than 80 mw/cm? measurements were not

taken.
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similar conditions gave poor results it appears that the flow rate
of hydrogen of 95 cc/min is not a reliable rate to use. From the
data summarized in Table IX, material grown with hydrogen flow
rates between 150 cc/min and about 300 cc/min seem to give the
highest values of efficiency, For our work a hydrogen flow rate

of about 300 cc/min has been adopted as standard.

Another growth variable that was considered is the phosphorus
flow rate (or the P/Ga mole ratio). Data are being obtained to
optimize this variable with the other growth conditions kept constant -
that is, the Ga source temperature has been maintained at about
900° C, hydrogen flow rate at 300 cc/min and HC1 flow rate fixed
at about 2 cc/min. A <100 > crystal orientation is being used. The
results as presently available are shown in Table X with Voc’ Jsc
and spectral response compared. It can be seen that with a
phosphorus flow rate broadly between 0. 3 and 0. 6 cc/min(or
expressed as a P/Ga mole ratio between 0. 6 and 1. 4) the best
electrical properties and spectral response are obtained,

Thus far the effect of the longer wavelength spectral response
(0.53, 0.58, 0.7 ) on the magnitude of the short circuit current has
not been tacitly brought out, nor has it actually been determined
explicitly how the presence of these responses are detrimental to
solar cell performance. From Table VIII it would appear that in
certain cases even with the presence of these responses, short
circuit current densities of 0,5 to 1 rna./crnZ are observed in the
sun. On the other hand we note that in some of the cases there
appears toc be a connection between the presence of response peaks
at 0.53 4, 0.58 pand 0.7 4 and the low magnitude of the current
obtained. These are associated generally with the samples which
either have anomalously high mobilities, are initially p-type or have

very high resistivity epitaxial layers.
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To more clearly show the possible effect of these
extraneous responses on the GaP solar cell we consider the
relationship of the measured open circuit voltage and the value
of the voltage at the knee (vknee) of the forward I-V trace of
these samples i.e., where there is a change in slope and the
current increases more rapidly than the voltage. All of our
data was taken with a Tektronix Scope Model No. 536 with the
current scale at 0. 2 ma/cm and the voltage at 0. 5 volts/cm.

It is known that this value should closely approximate the built
in voltage of about 1. 5 v for GaP for an ideal case. Further,
the open circuit voltage measured in sunlight should be in
reasonable agreement with anee if the internal cell resistance
is low.

In Table XI are listed the parameters anee’ spectral
response peaks, Voc (sunlight) and Jsc(sunlight) for some of
the above samples. Several effects are noted: (1) In those
samples where only the major spectral response is found one
observes good correlation between V. and anee' (2) The
presence of the extraneous peaks appears to be associated with
disagreement between anee and Voc° This may suggest that
if we associate these response peaks with impurities, it is
possible the location of these impurities (i. e., whether in the
p, space charge or n region) and its position with respect to the
Fermi level in these regions may determine its role. It is also
possible that photoconducting effects in addition to a photovoltaic
effect may occur. (3) In general the presence of these response
peaks appears to lower the open circuit voltage below that observed
when only the 0.45 response is present. It therefore appears that
the open circuit voltage should be a sensitive indicator of sample

purity and that these extraneous responses are generally undesirable.
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VII, SOLAR CELL EVALUATION

A list of cells evaluated in this period are given in Table XII,
The Voc’ Jsc under both tungsten light and sunlight are reported
together with the spectral response peaks and the cell area. In some
of the cases the conversion efficiency measured in the sunlight ata
temperature of 23 ° C is reported. The solar intensity used in
determining the efficiency was obta.ineci with a standard 10% silicon
solar cell and only when intensity levels were 90 mw/cm? or greater
were measurements recorded.

The highest value of short circuit current density achieved at

23° C for cells with 0.45 u response is 1.4 ma/cm?. The best room

temperature open circuit voltage obtained on GaP cells has been 1, 35 volts.

A room temperature efficiency of 1.1% is the highest thus far obtained.
These values have been obtained for cell NA31l SC34-3. The cell area
of this sampie is 0. 57 cm? which is larger than those tested previously.

In Table XIII are shown the characteristics of four cells delivered
to Lewis Research Center during this period - three of the cells have the
desired 0.45 y response, while the fourth cell is characterized by the
0.7 u response.

It will be noted that Sample NA 32 SC 34-5, grown at the same
conditions as NA 31 SC 34-3, has about half the short circuit current
density. A possible explanation for this difference may lie in two other
observations: (1) the p-layer concentration is almost a factor of three
greater in sample NA 32 SC34-5 than in sample NA 31 SC34-3, (2) the
junction depth is greater in NA 32 SC34-5 than in NA 31 SC34-3. On
the basis of the above two observations the difference in short circuit
current density in the two samples could arise either because of carrier
absorption or because of the difference in junction depth between the two

samples.
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A, Temperature Coefficient of Open Circuit Voltage

A meeting was held with personnel of the Lewis Research Center
during this period to review the status of the program. Since it is now
possible to make solar cells exhibiting response only at the fundamental
absorption and with reasonably large open circuit voltage it was agreed
that principal effort should be devoted to establishing the influence of
temperature (up to 500° C) on the open circuit voltage. The feasibility
of utilizing gallium phosphide solar cells at high temperatures can then
be determined from this information.

From solar cell theory and for an ideal junction the open circuit

voltage VOC » is given by the following expression:

. J_ n
v _ kT In L n
oc q

2.23 x 103 qT3 P dT

D \W/72 _Eg-((EEarT
T © kT

where T is the absolute temperature, n is the carrier concentration of
the base material, D is the hole diffusion constant, T= Tp = 1 1s the
P n

minority carrier lifetime, Eg is the energy gap, dEg is the temperature
dT
coefficient of the energy gap and JL is the short circuit current density.

Equation 1 has been calculated for gallium phosphide assuming
an energy gap of 2. 25 ev at 300° K, a temperature coefficient of energy

gap of -5.4 x 10" * ev/deg(s)

and with 'Tp taken as 10 ° sec. The results
of the calculation are given on the linear plot of Figure 6. At 300° K
an open circuit voltage of 1. 68 volts would be expected for gallium
phosphide.

It should be mentioned that in spite of the fact the major

absorption occurs at the higher energies ( A ~ 0.45 u ) and more nearly
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corresponds to the ''direct transition' band gap (contrary to some
of the other semiconductors), the lower band energy of 2, 25 ev was
used in the calculation since it is assumed that electrons with higher
energies will lose the energy difference between 2. 75 and 2. 25 ev
through some energy consuming phonon interaction process in
changing from upper to lower conduction band,

One can express the voltage-temperature plot of Figure 6 in

terms of the simple linear relation:

Voc - Voc(23)_ B(t-23)

where Voc is the open circuit voltage at any temperature t, Voc(23)
is the open circuit voltage at 23° C, t is the temperature in degrees
centigrade and B is the temperature coefficient of the voltage.

On the basis of Equations 1 and 2 and Figure 6 we would expect
for a gallium phosphide solar cell a B of about 3.0 mv/deg. In the
succeeding paragraphs we shall discuss our experimental results
obtained with cells having the 0. 45 u response.

The cells for temperature measurements are nominally
mounted in a special cell holder which can be inserted into a cylindrical
muffle furnace (Hoskins). Provisions have been made for a chromel
alumel thermocouple inserted under the solar cell to record cell
temperature. The top. of the cell holder has an opening so thata
source suitably mounted and focused at the top of the furnace can
provide the desired intensity through a glass filter to the cell. For
the source a G. E. Projector Spotlight, 150 PAR/SP, has been used.
The variation of intensity can be accomodated by adjusting the
separation between the source and sample. An experiment was carried

out at two temperatures (23° C and 225°C) to check the relationship

(2)
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and determine where the Voc of the cell saturates with distance,
L. Figure 7 is a plot of these measurements. A check was also
made at the higher temperature (225° C) in order to determine
whether with the expected shift of the peak response to longer
wavelength at higher temperature the source setting at 23° C would
still be valid at higher temperatures. Experiment showed that it was.
In fact, as expected, saturation of Voc with distance Qccurred ata
greater distance (lower intensity). It will be noted that even with
the largest separation (L = 20" ) (lowest intensity utilized) there is
less than a 10% wvariation in Voc° The setting normally used was
L = 10" or within the saturation region. To avoid any undue heating
the light was turned on only to také a reading and then for only a
short time (a few seconds).

In order to further check ourselves, open circuit voltage
measurements with temperature were made using the sun as a
source. The measurements were taken starting at 12:30 p. m. with
the sample directly illuminated by the sun. The sun was south to
southwest and the day was bright and clear. From monitoring with
a standard silicon sclar cell, the intensity was found to be 90 mw/cm?.
The results of the measurements and the comparison with the tungsten
source illumination with the source-sample separation setat L. = 10"
and L = 20" are shown in Figure 8 for sample NA33 SC 37-3. Good
agreement was found between sunlight measurements and the L = 10"
measurements. It was also noted that there is at most only a few
percent difference in VOC between the LL = 10", sunlight measurement
and the L = 20" measurements.

At lower temperature (< 150° C ) some differences were noted
in the measurements between sunlight and the L, = 10'" case. This may

be due to surface effects. Such large differences have not always been
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observed although some bending is generally noted around room
temperature.

In Table XIV are listed the experimental data on B, the
temperature coefficient of open circuit voltage for those cells
having the 0.45 p response. Also given are the open circuit
voltage at 23° C, the maximum temperature to which the cell
was taken and the Voc at that temperature. In the last column
the initial n-type carrier concentration of the base material is
reported.

One notes that B appears to vary from around 2. 5 mv/deg
to a maximum of 4. 4 mv/deg. The majority of the cells appear
to be close to the value of 3 mv/deg. In fact taking into account
the uncertainty in the slopes, aside from sample NA30 SC31-3,
most samples fall well within the calculated value of B.

It is also to be noted from Table XIV that generally with
a lowering of the starting carrier concentration which as noted in
an earlier section is a sign of improved purity, the maximum
temperature at which an open circuit voltage of about 0, 30 is
recorded, has been gradually raised.

It is of interest to examine the Voc-temperature results
obtained experimentally with that expected from theory as denoted
by Eq. 1. This comparison is shown in Figure 6. The experimental
and theoretical curves give about the same slope (B= 3 mv/deg) as
already noted and this would tend to imply that the largest effect on
temperature is the change in energy gap - this being the only factor
in the expression in Eq. 1 permitted to vary with temperature (in
first approximation). A second factor needs to be examined in
Figure 6 and that is the absolute difference in magnitude existing

(at any temperature) between that expected theoretically and
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that obtained experimentally. There is, for example, a difference
of about . 3 volts between the best experimental observation and
theory. The difference cannot be simply accounted for in terms of
lifetime or diffusion length as permitted in Eq. 1. While it is
possible to account for the difference in terms of another phenomena
such as recombination currents as has been pointed out by Wysocki

(6)

and Rappaport it is also of advantage to examine the spread in
voltage of GaP solar cells shown on the figure. One may generally
note from the data (Table XIV for example) that with increasing purity,
improved structure and better control of crystal growing conditions
the Voc_ temperature curves have generally improved and higher open
circuit voltages have been obtained. Thus hopefully, with better
growing and fabrication procedures Voc might be expected to more
nearly approach the theoretical curve of Figure 6.

One can perhaps more clearly see the picture in perspective
by reference to Figure 9 where calculated and experimental curves of
V  vs. temperature for GaAs and silicon solar cells are presented.

oc
The calculated curves for GaAs and silicon are based on the work of

(6)

Wysocki and Rappaport and utilize Equation 1. The lifetime of GaAs
is taken as 10 8 sec and that of silicon as 10 7 seconds. The silicon
solar cell experimental data is also taken from reference (2). The
GaAs solar cell experimental data is taken from Gobat, et al (7)

From Figure 9 there is reasonable agreement between the
theoretical curve and experimental data on GaAs and silicon solar cells
whereas in the case of GaP, there is a wide difference as already pointed
out. It is, however, of interest to note that far greater control of crystal
growth, structure and purity has been obtained with silicon and GaAs
than with GaP. It would then appear that with improved material the
GaP solar cell might ultimately be expected to approach the theoretical

curve expected for the GaP solar cell Voc-temperature relationship.




21.

VIII. APPARATUS

An Eppley NIP Pyrheliometer has been ordered during this

quarter to permit more quantitative sunlight measurement to be made.

IX. FUTURE PLANS

G G G O G G S AT S =D N N R SR S S R e e

The major problem remaining is improvement of purity. The
following steps are planned:

(1). To try Monsanto phosphorus. Several lots of this
material have been shown, by synthesis of InP, to be purer than others
commercially available.

(2). To try different sources of HCl. A sample of Stauffer

(4)

the Matheson HCIl now in use, has been ordered. In addition, HC1

Chemical Company anhydrous HCl, reportedly much purer than
will be generated by reduction of high purity PCl; or AsCl,.

(3). To use a high purity alumina liner in the hot source and
deposition zones. The alumina liner, boats and support plates are on
hand.

(4). If further evaluation of GaP prepared by the H, O transport

process warrants it, to set up a furnace capable of operating continuously

at the higher temperature and having a uniform cross sectional
temperature profile. The latter feature is desirable in any case,.

(5). Initiate trace analytical work on selected samples of GaP.

(6). Evaluate samples of GaP prepared by other methods.

(7). Continue examination of open circuit voltage~temperature
relationship of GaP solar cells.

(8). Conclude optimizing phosphorus flow rate (P/Ga mole
ratio) and crystal orientation with solar cell electrical and optical data.

(9). Measure temperature coefficient of energy gap (_:_I%g) of
both indirect and direct gap of GaP by gold-GaP barrier photovoltage

spectral measurements,
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Properties of GaP Epitaxial Layers (N-type)

TABLE III

26.

Sample Thickness
No Orient. (p) p n
(1) 16y(1)
SC31-3 <100 > 30 ~ 10 (200)(1) (2x10 )(1)
-5 <100 > 12 ~ 10 (800) (1x10'7)
SC32-3 <100 > 130 0. 54 94 1.9x10'7
-5 <100 > 200 1. 04 97 6. 4x10%
SC33-3 <100 > 105 0. 86 180 6. 0x10%®
-5 <100 > 97 1.40 100 4. 6x10%
SC34-3 <100 > 35 5.9 76 1.4xl10%%
: -5 <100 > 30 8.8 79 1. 0xl1o0'®
SC35-3 <100 > 45 2.3 97 5, 8x10%6
-5 <100 > 30 13.0 69 1. 9x10%6
SC36-3 <100 > 55 2.3 97 2. 8x101®
-5 <100 > 45 3.1 81 2. 6x10t®
SC37-3 <100 > 250 4.7 100 1. 4x10%'
-6 <111 >B 95 0. 055 120 I 1x10!8
-10 <1l1>A 290 hi - -
SC38-4~ <1l11>A ~170 102 (2),.53 (2) 2x10'5 ‘(z)
-7 <100 > ~ 12 ( 0.0070) (384) 34x10'8)
-10 . <111 >A ~ 100 114 29 1. 9x10%'5
SC39-3 <100 > 135 3.9 96 2. 1x10%
-6 <111 > A 180 2.8 x 103 10 2..5x10!4
SC40-3 <100 > 115 10. 2 98 1. 5x101¢
-6 <111 >A 180 hi - -
SC41-3 <100 > 100 7.3 105 2. 2x101é
-6 <111 >B 25 0.056 64 2. 1x10'8
-8 <l1lll > A 150 = cceeepa-a Not Ev. ted--cmcmnaaaa.
-10 <100 > 140 > 311 <46£&‘)1al 1. 68x101 (%)
SC-42-3 <100 > 165 8.6 100 8. 3x10%°
-6 <Il1l11>A 200 6 x 103 < 10 < 5x 104
.10 <111 >B 160 0.12 94 6.9x107
(1) Values unreliable due to extreme insensitivity in measurement.
(2) Probably spurious due to extensive etching of Hall bar substrate.
(3) Only first Hall bar measured, second was hi p
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TABLE XIII
Data on Solar Cells Delivered to Lewis Research Center
NA31 NA31l NA32 NA22
Sample. SC34-3 SC33-5 SC34-5 SC21-3
Growth Conditions:
Source Temp. (°C) 895 975 895 890
Substrate Temp. (°C) 825 790 815 815
H, Flow Rate (cc/min) 310 300 310 15
HC1 Flow Rate (cc/min) 2.3 2.2 2.3 0.92
P, Flow Rate (cc/min) .9 .78 .9 2.0
Layer thickness (u) 35 97 30 10
N Carrier Conc. (No. /cm?) 1.4x10'¢ 4. 6x10'® 1. 1x10'¢ P-type **
w(cm? /volt sec) 76 100 79 -
p (ohm-cm) 5.9 1.40 8.8 -
Diffusion:
Dopant zinc zinc zinc zinc
Temp (°C) 800 800 800 800
Time (1 i) 3 3 3 10
Cell Evaluation:
P-layer conc. (No. /cm?) 2.5x10'® 5 6x10'®  7.2x10'®  1.1x10%?
u(cm?/volt sec) 23 22 15 31
Jct. Depth (W) 1.5 ~0.8 2.0 4
Forward I-V Trace, Vk
(Volts) nee 1 1.2 1.2 6
Max. Power (in sun) (mw) - .608 * .38 * . 182 * .224 —
Voc (Volts) 1.35 1.30 1.30 0. 58
J . (ma/cm?) 1.43 0.92 0. 76 4.0
Cell area (cm?) 0.57 0. 54 0. 27 0.18
Efficiency (in sun) (relative : +
to std. Si solar cell), (%) 1. 1% 0. 75% 0. 7% 1.68 —
Spectral Response (u) 0.45 0. 45 0. 45 0. 75 (broad)
Slope Jsc vs. 1/ T (ev) .06 .06 .06 -
ev
D.C. I-V_: —=;
C If Vf Io exp — T n 4 6 5 2
¥ Based on solar intensity, as measured with Si solar cell, of’
94 mw/cm? .
Ak From C-V data.
+ Based on solar intensity, as measured with Si solar cell, of

74 mw/cm?.



Sample

NA31l SC34-3
NA32 SC34-5
NA31 SC33-5
NA26 SC28-3
NA26 SC27-3
NA30 SC31-3
NA21l SC20-3
NA33 SC37-3
NA33 SC37-6
NA34 S5C40-3

v
oc

(23° C)

.15
.2
.0
.15
.05
. 20
.96
1.20
. 96
1.24

b el et fd ek et
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TABLE XIV
Open Circuit Voltage " vs. Temperature
t
Temp. m (°C) \'
Coefficient (B) Max. :c n
mv/°C Temp. at m (°C) . Initial
3.5 225 0.5 1.4x10%'6
2.78 225 0.63 1.05x10%
2.5 225 0.6 4. 6x10'®
3.0 350 0. 28 2. 7x10%
2.83 350 0. 26 4. 8x10'6
4.4 325 0.07 2 x 106
3.74 275 0.12 1.5x10'8
2. 88 350 0. 36 1.4x10%
2.75 350 0. 20 1. 1x10!8
2.8 350 0. 40 1. 5x106

*

Measured with tungsten source or sunlight.



40.

Figure 1: SC37-10 Typical Growth on <111 > A Surface. Edge 370 u,
Center 215 u

Figure 2: SC37-6 Typical Growth on <111 > B Surface. ~ 95 u




41.

Figure 3: SC44-2 Growth on <111 > B Surface by H,O transport.
Note <110 > facets.

Figure 4: SC44-5 Growth on <100 > Surface by H,O transport. Sides
heavily etched. Arrow shows direction of gas flow.
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Figure 5: SC44-3 Spontaneously cleaved section of GaP layer grown
by H,O transport on GaAs. Not etched. 500X.
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- Figure 7: "voc vs. Source-Sample Separation with

Tungsten Source

At Room Temperature and 225‘ C.
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